Gravel soils generated by Wenchuan earthquake have undergone natural consolidation for the past decade. 14 However, geological hazards, such as slope failures with ensuing landslides, have continued to pose the great threats to 15 the region. In this paper, artificial model tests were used to observe the changes of soil moisture content and pore water 16 pressure, as well as macroscopic and microscopic phenomena of gravel soil. In addition, the mathematical formula of the 17 critical state was derived from the triaxial test data. Finally, the mechanical states of gravel soil were determined. The 18 results had five aspects. (1) The time and mode of the occurrence of landslide were closely related to the initial dry 19 density. The process of initiation was accompanied by changes in density and void ratio. (2) The migration of fine 20 particle and the rearrangement of coarse-fine particle contributed to the reorganization of the microscopic structure, 21 which might be the main reason for the variation of dry density and void ratio. (3) If the confining pressure was same, the 22 void ratios of soils with constant particle composition would approach to approximate critical values. (4) Mechanical 23 state of gravel soil can be determined by the relative position between state parameter (e, p') and e c -p' planar critical state 24 line, where e was the void ratio, e c was the critical void ratio and p' was the mean effective stress. (5) In the process of 25 landslide initiation, dilatation and contraction were two types of gravel soil state, but dilatation was dominant. This paper 26 provided an insight to interpret landslide initiation from the perspective of critical state soil mechanics. 27
1 Introduction 30 In 2008, the gravel soil generated by Wenchuan earthquake produced a large amount of loose 31 deposits (Tang and Liang 2008; Xie et al., 2009 ). These deposits had features such as wide grading, 32 weak consolidation and low density. They were located on both sides of roads and gullies, and led to 33 the formation of soil slopes (Cui et al., 2010; Qu et al., 2012; Zhu et al., 2011) . Although gravel soils 34 have subjected to natural consolidation process for nearly a decade, geological hazards, such as slope 35 failures with ensuing landslides, are readily to motivate in rainy season. At present, geo-hazards still 36 pose the great threats to the region (Chen et al., 2017; Cui et al., 2013; Yin et al., 2016) . 37 The variation of mechanical state, such as the transformation from a relatively stable state to a 38 critical state, has been commonly used to analyze the initiation of landslides (Iverson et County (Fleming et al., 1989) , Slumgullion landslide in Colorado (Schulz et al., 2009) , and 51 Guangming New Distinct landslide in Shenzhen (Liang et al., 2017) , might be approximately 52 explained by this theroy. Based on the F line drawn by Casagrande (1936) , Fleming (1989) found 53 that the increase of pore water pressure contributed to the dilation, and causes the debris flow 54 characterized by the intermittent movement. Iverson (1997; 2000) pointed out porosity played an 55 important role in the occurrence of landslide; in the soil shearing process, the density of loose sand 56 increased, and the density of dense sand decreased to the same critical density. The formula of the 57 void ratio was derived, which was the function of the mean effective stress (Gabet and Mudd 2006) . 
64
The above researchers provided the meaningful insights to explain the occurrence of landslides 65 and drawn the instructive conclusion, such as the initial density or porosity can affect the mechanical 66 state of soil (Iverson et al., 2000) observed and summarized. Secondly, the variations of soil moisture content and pore water pressure 74 were analyzed. Thirdly, the microscopic property of soil was obtained. Fourthly, the mathematical 75 expression of critical state of soil was proposed. Finally, the mechanical state of gravel soil was 76 determined by the relative position between state parameter (e, p') and e c -p' planar critical state line. . Four initial dry densities are 102 designed as 1.50g/cm 3 ,1.60g/cm 3 , 1.70g/cm 3 and 1.80g/cm 3 . According to the previous investigations, 103 the water content mainly changes within a depth less than 50cm, and its average value varies from 104 6%~8%, while water content below 50cm basically keeps stable. Therefore, the total thickness of the 105 soil model is 60cm. In order to achieve a predetermined initial dry density, the soils of the models are 106 divided into four layers, and each layer is compacted respectively. The thickness of each layer is 107 20cm, 15cm, 15cm and 10cm ( Fig.2(a) ). Due to the experiment error, the actual initial dry density 108 (IDD) is 1.54g/cm 3 , 1.63g/cm 3 , 1.72g/cm 3 and 1.81g/cm 3 (Tab.1). 109 Artificial rainfall system, designed by the Institute of Soil and Water Conservation, Chinese 110 Academy Science, comprises of two spray nozzles, a submersible pump, water box and a bracket. 111 The range of nozzle sizes is 5~12mm, thus, the different rainfall intensity can be simulated. The rain 112 intensity triggering the large-scale debris flow on 21, August, 2011 is 56.5mm/h, which is the 113 designed rainfall for test. The real rainfall intensity is 47~50.2mm/h because the model test is 114 disturbed by the direction of wind. Three groups of sensors, including the micro-pore pressure 115 sensors (the model is TS-HM91) and moisture sensors (the model is SM300), are placed between 116 two layers of the soil to measure the volume water content and the pore water pressure ( Fig.2(a) ). A 117 data-acquisition system (the model is DL2e) is used to collect the data; it can scan 30 channels 118 within the same second. A camera is used to record the macroscopic process of the entire 119 experiment. content ω and dry density ρ d . Later, e can be calculated by the formula: e=G s /ρ d -1 (G s is the specific 138 gravity). The cumulative content of coarse P 5 (particle diameter > 5mm), gravel (particle diameter < 139 2mm) P 2 , and silt and clay (particle diameter < 0.075mm) P 0.075 is obtained from the particle grading 140 tests. p' can be calculated by the formula: p'=(σ x +σ y +σ z )/3, where σ z =γh and σ x =σ y =K a γh. h is the 141 vertical distance between a certain point inside the slope and the surface of the slope; β is the slope 142 angle. γ is the unit weight of soil. K a is the lateral pressure coefficient, which can be calculated by the 143 formula (1) . ɸ is the internal friction angle of soil. In this paper, β=27°, ɸ=33°. According to the record by a camera, when IDD is 1.54~1.72g/cm 3 except 1.81g/cm 3 , the 153 landslide can be triggered by rainfall. The processes of the occurrences of landslides have their 154 similarity and difference. The similarity is that at the beginning of rainfall, the shallow soil is 155 compacted by seepage force and soil weight ( Fig.4(a) ). In addition, during the rainfall duration, 156 surface runoff cannot be observed, whereas muddy water appears and overflows the slope foot ( The difference of experiment is time and mode of the occurrence of landslide. When IDD is 165 1.54~1.63g/cm 3 , the total time of landslide occurrence is 30~40 minutes, including the time of partial 166 sliding and overall sliding. The processes of landslide occurrence involve three steps. Firstly, the 167 partial soil of the superficial layer slowly slides in the shape of mudflow when rainfall duration is 168 about 8min ( Fig. 5(a) ). Secondly, small-scale slips occur in a layered manner ( Fig. 5(b) ). Thirdly, the 169 overall sliding is motivated when the rainfall duration is about 33min (Fig. 5(c) ). The above 170 processes represent the mode of landslide is the progressive failure. This mode reflects four 171 mechanisms. Firstly, in the early stage of rainfall, the shearing strength of shallow soil decreases and 172 partial sliding appears due to the rapid infiltration of rainfall. Secondly, partial sliding takes away the 173 saturated soil, which causes the internal soil exposed on the surface. Thirdly, the exposed soil slides 174 again, which can change the geometrical shape of the slope and prompt the shearing force increase. 175 Fourthly, when the increase of the shearing force can destroy the balance of the slope, overall sliding 176 will appear. 177 When IDD is 1.72g/cm 3 , the total time of landslide occurrence is 18 minutes. Landslide 178 formation process is divided into three steps. Firstly, the shear opening gradually occurs 179 accompanied by the visible cracks developing in the slope foot ( Fig. 6(a) ). Secondly, surface cracks 180 begin to develop on the slope top ( Fig. 6(b) ). Finally, landslide initiates accompanied by the 181 instantaneous propagation of cracks ( Fig. 6 (c)~(d)), which takes 5s. The above steps imply the mode 182 of landslide is the tractive failure. The mechanism includes three aspects. Firstly, an increase in soil 183 weight causes an increase in shearing force, which breaks the equilibrium state of slope, so cracks 184 can develop in the slope foot and cause the shear opening. Secondly, the instability of the slope 185 continues to deteriorate, which leads to new cracks located at the top of the slope. Thirdly, the overall 186 sliding is triggered by crack extension. 187 When IDD is 1.81g/cm 3 , the shearing opening appears at the slope foot ( Fig. 7(a) ). In the next, 188 the muddy water can flow from the slope foot ( Fig. 7(b) ). Even though on the slope surface, fine 189 particles disappear and coarse particles are exposed, rainfall could not trigger a landslide (Fig. 7(c) ). 190 One reason is that the fine particles within the surface soil move with the water seepage. After the 3.2 Volume moisture content (VMC) and pore water pressure (PWP) 225 The maximum x label in Fig.8 ~ Fig.10 represents the total time for the occurrence of the 226 landslide. This value is also the rainfall duration. In order to compare with Fig.8 ~ Fig.10 , the 227 maximum x label in Fig.11 is 1800s. As shown in Fig.8 to Fig.11 , the first change is VMC of the 228 depth of 10cm, followed by VMC of the depth of 25cm and 40cm. This change order of VMC is 229 related to the process of rainfall penetration. Especially, rainfall penetration is from shallow soil to 230 deep soil. Therefore, the VMC of 10cm can increase first. The variation of VMC at the depth of 231 10~25cm exhibits a similar tendency. The tendency consists of three phases. Since the beginning of 232 rainfall, VMC has been in a constant state. When the rainfall seeps into soil, VMC increases rapidly 233 and eventually grows steadily. The time when VMC of the depth of 10cm begins to increase is 203s, 234 292s, 313s for 1.54~1.72g/cm 3 . This result indicates these three densities have different permeability, 235 the higher density, the lower hydraulic conductivity and the longer time of penetration. The time 236 when VMC of the depth of 25cm begins to increase is about 900s for 1.54~1.72g/cm 3 . 237 When IDD is 1.54g/cm 3 and 1.63g/cm 3 , VMC at a depth of 40cm initially remains stable and 238 eventually shows an increasing trend. Change trend of 1.54g/cm 3 is more obvious than that of 239 1.63g/cm 3 . When IDD is 1.72g/cm 3 , VMC at a depth of 40cm is almost constant. The reason is that 240 when a landslide occurs, rain stops; at this time, no abundant water can penetrate to this depth. When 241 IDD is 1.81g/cm 3 , if the rainfall duration is less than 1300 seconds, VMC of 40cm remains stable. 242 When the duration is about 1300 seconds, compared to Fig.8 to Fig.10 , VMC of 40 cm starts to 243 increase. This difference between Fig.11 and other three figures may be attributed to the following 244 aspect. As mentioned in section 3.1, the landslide cannot be triggered by rainfall. Therefore, there is 245 sufficient time for rainfall to penetrate to a depth of 40cm, although the hydraulic conductivity is low. 246 However, when the rainfall time is greater than 1800 seconds, VMC of 10~40cm keeps constant. 247 This means due to the accumulation of fine particle, there may be an impermeable layer in the depth 248 of 0~10cm. This layer can prevent rain penetrate deeper than 10cm. When rainfall continues, rainfall 249 can be converted into the subsurface runoff, flowing out of the soil skeleton that consists of coarse 250 particles. 251 9 As shown in Fig.8 to Fig.11 , PWP at a depth of 10~25cm has a similar tendency. This tendency 252 consists of a sharp increase at first, a rapid decrease and a continuous dynamic fluctuation. However, 253 the variation of PWP is inconsistent with the variation of VMC. Before VMC increases, PWP with 254 the depth of 10cm~25cm has experienced the sharp increase and decrease. Soil inhomogeneity may 255 contribute to this inconsistence. As mentioned in 3.1, at the beginning of experiment, the surface 256 layer less than 10cm is compacted by seepage force and soil weight. The compaction and penetration 257 process leads to the increase of the force acting on the subsoil, which causes the increase of PWP. 258 During the saturation process of the surface layer, the fine particles of this layer are taken away and 259 fill the porosity of the subsoil, which prompt PWP to the peak value quickly. When the surface soil 260 slowly moves or cracks begin to develop in the slope foot, the internal deformation due to dilation 261 will occur, which causes PWP releases. When VMC increases, PWP has a dynamic fluctuation. This 262 fluctuation may be attributed to the rearrangement of the soil skeleton. 263 The curve of PWP with a depth of 40cm is drawn above that of 10~25cm. The variation has no 264 significant increase or decrease, but exhibits a smooth fluctuation. During the whole rainfall duration, 265 the corresponding VMC shows that the soil is not saturated. Therefore, the pore pressure of 40cm is 266 dominated by air pressure. 267 268 Fig. 8 Volume moisture content and pore water pressure when IDD is 1.54g/cm 3 269 270 Fig. 9 Volume moisture content and pore water pressure when IDD is 1.63g/cm 3 271 272 Fig. 10 Volume moisture content and pore water pressure when IDD is 1.72g/cm 3 273 10 274 Fig. 11 Volume moisture content and pore water pressure when IDD is 1.81g/cm 3 275 276 As shown in Tab.2, when IDD is from 1.54 to 1.72g/cm 3 , the natural density and the dry density 277 with the depth of 5cm~20cm are larger than those before the tests, and the void ratio is less than that 278 before the tests. Of these three lines, the line 1# has the greatest change rate in density. When IDD is 279 1.63cm 3 , the density of 40cm is less than the value before the test. When IDD is 1.81g/cm 3 , the 280 densities with the depth of 5~10cm are increased compared to that before the test. As shown on section 2.2.1, P 5 before the test is 55.32%. Therefore, coarse particles and fine 283 particles interact to form the soil skeleton, which affects changes in dry density (Guo 1998 ) and 284 landslide characteristics (Li et al., 2014) . In this paper, the particle content before and after the test is 285 compared to understand the change in the void ratio. As shown in Tab.3, when IDD is 1.54g/cm 3 and 286 1.63g/cm 3 , the loss of P 0.075 of the shallow soil of line 3# is the largest, followed by that of line 1#. 287 The result indicates that the fine particles of surface soil at the slope top begin to move along 288 direction of gravity firstly. When subsurface runoff occurs, these particles begin to move to the slope 289 foot. This process causes two results. One is that the porosity of the position related to particle (1) Definition of critical state and calculation of critical void ratio 318 Under the action of continuous shear load, the state of soil is critical when principal stress q and 319 volume strain ε v tends to be stable (Casagrande A 1936; Liu et al., 2011; Roscoe et al., 1963; 320 Schofield and Wroth 1968). In the triaxial shear tests, when the axial strain reaches 16%, the 321 deviation stress is stable, and the absolute value of the ratio of △ε v to the present ε v is less than 0.01; 322 at this time, the soil enters the critical state . The formula (2) indicates that there is a 323 certain relationship between the current void ratio e and ε v , wherein e 0 is the initial void ratio (Xu et 324 al., 2009 ). Thus, the critical void ratio e c also can be calculated by the formula (2). The fitting curve of e c and lnp' is shown in Fig.13(a) . The correlation coefficient is 0.8566, which 335 indicates a statistically significant relationship between e c and p'. According to the normalized 336 residual probability, P-value of 0.964 is greater than the selected significance level, which indicates 337 that the residuals follow a normal distribution. Therefore, the mathematical expression of e c -lnp' of 338 gravel soil is as follows: The fitting curve of q and the p' is shown in Fig. 13(b) . The correlation coefficient is 0.9465, 346 which indicates a statistically significant relationship between q and p'. The mathematical expression 347 of q-p' is as follows: In this research, at the beginning of rainfall, the shallow soil is compacted by seepage force and 364 soil weight. The consequent contraction causes the increase in pore water pressure. However, the 365 process of the rapid rise of PWP is short. After PWP reaches the peak, PWP begins to release. The 366 reason is that the surface soil slowly moves or cracks begin to develop in the slope foot, which 367 causes the sliding force increase. Subsequently, the effective stress decreases and the shearing 368 deformation occurs. At this moment, the loss of shearing strength because of strain softening can be 369 restored. Soil deformation will stop eventually. If there is the sufficient water penetration, pore water 370 pressure can recover, and the soil deformation can continue. It can be seen that the loss and recovery 371 of PMP are the reasons for the dynamic fluctuations of PMP. When soil is dense (relative density D r > 372 2/3) and the infiltration rate is less than the rainfall intensity, the soil will not reach the critical state. 373 At this point, the slope can remain stable. The macroscopic phenomenon of soil deformation is 374 mainly local deformation, such as circumferential cracks, partial collapse. If the infiltration rate is 375 greater than the rainfall intensity, the abundant rainfall can break the mechanical balance of slope. 376 However, its process still takes a long time. Therefore, the macroscopic deformation is progressive, 377 such as frequent sliding. When the soil is in a medium dense state (1/3<D r ≤2/3), the loss of the pore 378 14 water pressure due to dilation will be recovered, and the shearing deformation will continue. At this 379 moment, the macroscopic deformation will be a sudden failure (Dai et al., 2000; Dai et al., 1999b) . 380 
Microscopic property of gravel soil

Conclusion
381
(1) The initial dry density can influence the time and mode of landslide occurrence. When IDD 382 is 1.54g/cm 3~1 .72g/cm 3 , the failure mode of soil changes from progressive sliding to traction sliding. 383 When IDD is less than 1.63g/cm 3 , partial sliding is a dominant phenomenon that affects the entire 384 deformation failure. When IDD is 1.72g/cm 3 , shear opening and cracks are responsible for 385 deformation failure. Although the total time of overall sliding of loose soil is longer than that of 386 relatively dense soil, the time of partial sliding is shorter. 387 (2) During the experiments, the first change is VMC of the depth of 10cm, followed by VMC of 388 the depth of 25cm and 40cm. The variation of PWP is inconsistent with the variation of VMC. 389 (3) The occurrence of landslides is accompanied by change in density and void ratio. The slope 390 foot has the greatest change rate in density. The migration of fine particle and the rearrangement of 391 coarse-fine particle contributed to the reorganization of the microscopic structure, which might be 392 the main reason for the variation of density and void ratio. 393 (4) The mathematical expression of the critical state line of gravel soil is e c =0.5241-0.04304lnp'. 394 Mechanical state of gravel soil can be determined by the relative position between the state 395 parameter (e, p') and the critical state line. Dilation and contraction are two types of soil state when 396 the landslide initiates. Dilation is the primary type. 397 
